Aqueous tape casting was used to produce yttria-stabilized zirconia films for electrolyte-supported solid oxide fuel cell (SOFC). Tape casting slurries were prepared varying the binder content between 20 and 25 wt%. A commercial acrylic emulsion served as binder. Rheological measurements of the two slurries were performed. Both slurries showed a shear-thinning behavior. Tapes with 25 wt% binder exhibited adequate flexibility and a smooth and homogeneous surface, free of cracks and other defects. Suitable conditions of lamination were found and a theoretical density of 54% in the laminates was achieved. Laminated tapes showed higher tensile strength compared to single sheets. Tape orientation has a significant influence on the mechanical properties. Tensile strength, elongation to strain, and Young's modulus measured in samples produced in the direction of casting showed higher property values.
Introduction
The tape casting technique has been widely used to produce thin and high dense green films for multilayer ceramic packaging technology [1] [2] [3] [4] [5] [6] . This is a low cost process that enables producing ceramic sheets and large flat areas commonly used in electronic applications, such as capacitors, fuel cells, piezoelectric devices, and inert and catalytic substrates [7] [8] [9] . This method allows controlling the thickness of the sheets varying between 20 m and 2 mm. Typical tape cast slurries are prepared by dispersion of a powder in an organic or nonorganic solvent with a dispersant, followed by the addition of binders, plasticizers, and other additives. These slurries are cast through a so-called doctor blade over a flat carrier. Tape casting slips are based traditionally on organic solvent; however, in the last years there is a huge concern about the toxicity and volatility of those solvents. Aqueous systems are environmentally correct and offer lower cost [10] .
Water-based slurries have some drawbacks compared with organic solvent based slurries, such as slow drying rate, tendency to flocculate, and poor wetting due to the high surface tension of the water [11] [12] [13] [14] . A wide large amount of water soluble substances has been used to prepare tape casting slurries such as cellulose and vinyl/acrylic binders [10] . The right choice of the binder is very important, because it directly influences particle packing during the tape casting process, the mechanical and physical properties of the green tapes, and the adhesion between sheets during lamination [15] . Compared to water soluble binders, latex binders such as acrylic emulsions allowed preparing slurries with high solids and binder content without significantly increasing the viscosity and providing a short drying time and a high mechanical strength to the green tapes [13] .
In this work, aqueous tape casting was used to produce yttria-stabilized zirconia films for electrolyte-supported solid oxide fuel cell (SOFC). A commercial acrylic emulsion was used as binder, and two different slurry compositions were tested. Rheological behavior was examined and the microstructure and density of the green tapes were analyzed. Tensile strength and elongation strain of the green tapes and laminates were also evaluated. 
Materials and Methods
Tape casting slurries were prepared with 55 wt% yttriastabilized zirconia powder (8YSZ, 8 mol% Y 2 O 3 stabilized ZrO 2 , Sigma-Aldrich). The powder was deagglomerated in deionized water with addition of 1 wt% dispersant (Darvan 821A, Vanderbilt) using ball milling for 24 h. After deagglomeration, an acrylic emulsion binder (Mowilith LDM 6138, Clariant), antifoamer (Antifoamer A, Sigma-Aldrich), and surfactant (coconut diethanolamide, Stepan) were added and the slurry was mixed by ball milling for the next 30 min. The slurry was cast at 25 ∘ C by a tape cast machine (CC-1200, Mistler) with moving polyethylene terephthalate carrier film coated with a fine silicon layer (Mylar G10JRM, Mistler). A casting speed of 6 cm/min was used. The gap between the blade and the carrier was set manually to obtain a final tape thickness of 90 to 200 m. The green tapes were dried at 25 ∘ C for 24 h. Table 1 shows the composition of the two different slurries. Only the binder content was varied. The chosen slurry composition (powder and additives contents) was presented in [16] .
Two tapes were laminated and arranged as follows: one in the cast direction and the other perpendicular to the cast direction. Lamination was carried in a warm press between two metal plates. In order to investigate the adequate conditions for a good adhesion between tapes, pressure ( ), time ( ), and temperature ( ) were varied as shown in Table 2 . A 2 3 factorial experimental design was carried out in order to choose the best combination of , , , as shown in Table 3 . The different , , and levels were chosen according to the previous experience of the research group. Five samples were laminated for each combination. The microstructure of green laminates was analyzed by scanning electron microscopy (SEM XL 30, Philips). Densities of the green tapes were measured geometrically and by Archimedes method. Open porosity and theoretical density were calculated from the bulk and Archimedes density. A texturometer (TA-XT2i, Stable Micro System) was used to measure the mechanical properties of the green tapes with a crosshead speed of 5 mm min −1 based on the ISO 527-3 norm [16] . For those mechanical tests, rectangular specimens (100 × 25 mm, 15 samples) were cut using a blade.
Results and Discussions

Slurry Characterization.
The viscosity versus shear rate curves of the slurries containing 20 wt% and 25 wt% binder is shown in Figure 1 . It can be observed that there is a decrease of the viscosity of the slurries by increasing the shear rate. Both slurries showed similar shear-thinning behavior, but the one with 25 wt% presented a higher viscosity. Tape casting slurries are expected to present a shear-thinning behavior to produce films with a homogeneous and smooth surface. A slip with shear-thinning behavior decreases its viscosity under the shear rate produced by the blade, and after passing through the blade, the shear rate is released and the viscosity increased [17, 18] . Nevertheless, some compositions could not avoid generating defects in the final green tape after drying, such as cracks and bubbles. During tape casting process, the shear rate imposed by the blade was determined as 5 s −1 . In Figure 1 , the rheograms show viscosity values of ∼0.10 Pa⋅s and 0.30 Pa⋅s, respectively, for 20 wt% and 25 wt% binder. At higher shear rates both compositions presented similar viscosities. When passing through the blade, the viscosity Journal of Ceramics of the slurry with 25 wt% binder is slightly higher than that of the 20 wt% binder slurry, though. Slurries with higher viscosity values produce tapes with lower green density [17] . However, the slurries with 20 wt% and 25 wt% binder had an adequate behavior when just the tape casting step is considered.
In order to choose the most suitable composition, both slurries were cast under the same conditions on a polymer carrier with and without silicon coating. Figure 2 presents the tape surfaces of both compositions after 24 h drying. It can be seen from Figure 2 (a) that the tape cast with the 20 wt% binder exhibited large cracks and a poor flexibility, whereas 25 wt% binder tape showed a smooth and homogeneous surface, as presented in Figure 2(b) .
SEM features of the surface of the green tapes are presented in Figure 3 . It can be seen that both microstructures are relatively homogeneous. There are some small pores, but no large defects can be observed. The microstructure of the green tape with 25 wt% binder presented a surface with joined particles that can be attributed to the higher content of binder compared with the green tape with 20 wt% binder.
Characterization of Green Tapes.
Preliminary evaluation of the green tapes showed that the 20 wt% binder tape was not suitable to be laminated, due to the poor flexibility and the defects exhibited after drying as shown in Figure 2 . Lamination was performed according to Table 3 , and it was noticed that four different combinations of pressure, temperature, and time showed the highest density of all green laminates. Of the 8 different parameter combinations (Table 3 ) only 4 laminates reached a green density above 50%. Figure 4 presents the percentage of theoretical density of the best four conditions to laminate the sheets. It can be seen that density values varied between 51% and 54%. Figure 4 shows that temperature and time have no significant effect on the green density, whereas pressure seems to affect more considerably the laminates green density. Although higher pressures can promote better adhesion between layers, it was observed that they also produce air bubbles between sheets. Suitable lamination conditions must provide homogeneous junction between layers, promoting diffusion between tapes and leading to high green densities. Eventually warm pressing produces inhomogeneous pressure distribution along the piece. In this work, higher pressure (i.e., 16 MPa) resulted in formation of bubbles between layers due to the gradient of pressure generated during lamination. These bubbles prevent the homogeneous junction between layers so that lower green densities were produced. The maximum density achieved was ∼54% at a 16 MPa, 40 ∘ C, and 5 min. Higher green density results in higher tensile strength in the final product [1, 19] . Gomes et al. [19] produced tapes from a ceramic vitreous material (LSZA) and they found that single tapes with the highest density (1.45 g/cm 3 ) showed the highest tensile strength values (5.6 ± 0.1 MPa).
The green tensile strength, elongation strain, Young's modulus, and thickness of single green tapes in two different orientations (A: parallel and B: perpendicular to casting direction) and two laminated tapes (L) were measured and the results are presented in Figure 5 and Table 4 . From the results it is possible to observe that even though the tensile strength of single green tapes was similar, the samples measured in the direction of casting exhibited higher values, due to particle rearrangement in the polymer matrix. During processing, particles and polymer chains rearranged in the direction of casting providing higher mechanical strength to samples when measured in the same direction. Single layer samples presented a thickness of 130 m, whereas the laminated samples were 220 m thick. In Figure 5 , it can be seen that the laminated samples showed the highest tensile strength (∼1.56 MPa), as expected. Compared to laminates, single tapes presented lower relative density of about 46 ± 3%. This fact also influences the mechanical strength results, because higher densities provide better mechanical properties to materials. The difference between the density of single tape samples and laminates could be attributed to the diffusion during laminating process and the rearrangement of the particles in the polymeric phase.
Conclusions
Aqueous tape casting is an alternative technique to produce flat yttria-stabilized zirconia for electrolyte-supported solid oxide fuel cell. Suitable tapes from slurry with 25 wt% acrylic emulsion binder were successfully prepared. Slurries with 25 wt% binder showed shear-thinning behavior, with a viscosity of ∼0.3 Pa⋅s when passing through the blade during tape casting. A smooth and homogeneous tape surface was produced. Lamination conditions were determined in order to obtain laminates with higher green densities. Adequate laminating conditions (16 MPa, 40 ∘ C, and 5 min) were found and laminates with 54% theoretical density were obtained. Laminates showed slightly higher tensile strength of 1.56 ± 0.18 MPa when compared to single tapes but also presented lower elongation to strain. When comparing the mechanical properties of single tapes, samples measured in the direction of casting showed higher mean values of tensile strength,
